Re-Ni layers produced in the early stages of electrodeposition from citrate electrolytes were studied by high-resolution X-ray photoelectron spectroscopy (HR-XPS) and time-of-flight secondary-ion mass spectrometry (TOF-SIMS). The deposition time was varied in the range of 2 to 300 seconds. The compositional heterogeneity of the thin Re-Ni alloys and the variations of their composition with deposition time, both in the bulk and on the surface, were shown. The results obtained are indicative of the occurrence of chemical reactions at short deposition times and are in agreement with our previous results obtained in studying the early stages of Re-Ni deposition by electrochemical techniques. The mechanism of the deposition process is discussed. Induced electrodeposition of refractory metals with iron-group metals has drawn the attention of many researchers in view of their high corrosion resistance, stability at high temperatures and wear resistance.
Induced electrodeposition of refractory metals with iron-group metals has drawn the attention of many researchers in view of their high corrosion resistance, stability at high temperatures and wear resistance. 1 Induced codeposition of rhenium from aqueous solutions has been studied, [2] [3] [4] [5] including Re-Ni alloys from citrate-containing solutions. [6] [7] [8] [9] Induced codeposition of Re from an electrolyte containing ReO − 4 can occur readily. Coatings with a thickness of up to 25 μm were obtained within 60 min deposition at a faradaic efficiency of up to 95%. Moreover, the concentration of Re in the resulting alloy can reach up to 90 at.%. This excludes the possibility of having a precursor similar to that found in the case of W, 1, [10] [11] [12] since it would require the formation of a complex containing nine molecules of the perrhenate ion, which is totally unlikely. Instead, we have suggested a new mechanism, according to which the Ni 2+ ion is first reduced and deposited on the surface of the substrate. The resulting neutral Ni atoms act as strong reducing agents, helping to reduce the 7-valent ReO 3 . This is a typical catalytic process, in which the Ni 2+ ion acts as a catalyst, the concentration of which should not change in the overall reaction. Theoretically, this should lead to a deposit of pure Re, but some Ni is found in the resulting alloy due to entrapment of neutral Ni atoms. This represents a rather unique type of process, where the catalyst is formed in situ as part of the redox process. [6] [7] [8] [9] The deposition of Re-Ni apparently depends on the high catalytic activity of the freshly deposited nickel. We have supported this hypothesized mechanism by different experiments. 7, [13] [14] [15] The initial stages of Re-Ni deposition, which are critical for understanding the catalytic mechanism, were studied in our recent work. 13 There, the electrodeposition of Re-Ni alloys was investigated at deposition times of 0.05-60 s, unlike in earlier publications, [6] [7] [8] where the deposition times were on the scale of minutes and hours. The anomalous faradaic efficiency (AFE) of the deposition process, the composition of the deposits and their morphology were considered. The AFE and the Re-content in the deposits were shown to decrease with deposition time. Anomalous values of the AFE, well above 100%, were observed at short deposition times. This indicates some chemical reactions occurrence in parallel with the electrochemical charge transfer process, in the early stages of deposition. A decline in the rate of the chemical reaction, leading to the decrease of the AFE and a decline of the Re-content in the deposit, was interpreted as change in the catalytic properties of the surface of the cathode during deposition. 13 The effects of current density, electrolyte composition, stirring and pH on the initial stages of deposition were studied too. 13 4 and Ni ions in citrate electrolytes were observed by UV-Vis spectroscopy and conductometry. Recently, we have further supported the suggested mechanism experimentally, employing spherical aberrationcorrected scanning transmission electron microscopy (STEM) and atom-probe tomography (APT) to characterize the atomic-scale structure and atomic part-per-million level three-dimensional chemistry of a Re-Ni coating. A unique combination of a multilayer and columnar Re-Ni structure was observed, consisting of thicker Re-rich and thinner Ni-rich alternating layers. 15 In the current work, we used Time-of-Flight Secondary-Ion Mass Spectrometry (TOF-SIMS) and High-Resolution X-Ray Photoelectron Spectroscopy (HR-XPS) for studying the Re-Ni deposits produced in the initial stages of deposition. The results obtained confirm the concept of chemical reaction fading with increasing deposition time, and are in agreement with the compositional changes of the catalytic electrode surface during the Re-Ni deposition process.
Experimental
Re-Ni alloys for HR-XPS and TOF-SIMS analysis were deposited galvanostatically at 50 mA cm -2 in stirred electrolytes containing 94 mM nickel sulfamate, 34 mM ammonium perrhenate, and 100 mM citric acid. The pH of the electrolytes was adjusted to 5.0 ± 0.1 by addition of 5.0 M NaOH. The bath temperature was held at 70 ± 1
• C. TOF-SIMS was applied to detect species incorporated in the Re-Ni deposits. A TRIFT-II model TOF-SIMS spectrometer from Physical Electronics was used. The TOF-SIMS depth profiles were measured with positive ions, using 2 keV O + 2 sputter beam and 15 keV Ga + analytical ion beam. Surface mass spectra and depth profiles were studied for Re-Ni deposits produced at 2, 5, 10, 15, and 20 s. Deposition was conducted on 0.5 cm 2 Si substrates with native oxide, on which 20 nm Ti adhesion layer and 100 nm Au conductive layer were sputtered.
XPS measurements were performed in ultrahigh vacuum (2.5 × 10 -10 Torr base pressure), using a 5600 Multi-Technique system (PHI, MN). The samples were irradiated with an Al-Kα monochromatic
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Journal of The Electrochemical Society, 163 (7) D295-D299 (2016) source (1486.6 eV), and the outcome electrons were analyzed by a spherical capacitor analyzer using a slit aperture of 0.8 mm in diameter. The samples were not charged during measurements. They were analyzed at the surface and after sputter cleaning using 4 kV Ar + ion gun (the sputter rate was about 4.8 nm min -1 on SiO 2 /Si reference sample). High-resolution spectra were taken at pass energy of 11.75 eV at increments of 0.05 eV step -1 to allow precise energy positioning and peak shape determination. All peaks were referenced to C1s peak position at 285 eV. Curve fitting was done with Gaussian-Lorentzian function using the 5600 Multi-Technique System software. HR-XPS spectra were analyzed for the Re-Ni deposits produced on 0.5 cm 2 Pt foil electrodes for 5, 10, 20, or 300 s. These effects make SIMS difficult to apply to the quantitative analysis of the alloy components. 16 However, the SIMS profile allows observation of the composition changes through the film depth.
Results and Discussion

TOF-SIMS
Analysis of the SIMS profiles (cf. Fig. 2 ) reveals the following effects:
(i) Re-Ni ions were detected along with separate Ni and Re ions, for all investigated deposits. (ii) Secondary-ion intensity for Ni increased noticeably from the substrate/deposit interface to the outer surface of Re-Ni deposits. This trend corresponds to the decrease of Re concentration with deposition time, and is consistent with the EDS analysis of the films. 13 Along with this, a small periodic increase and decrease of Ni ion intensity with sputtering time can be seen. (iii) Periodic changes of Re and Re-Ni ion intensities with sputtering time were observed. The increase of the Re and Re-Ni intensities are accompanied by the decrease of Ni intensity, and vice versa.
The thickness of the Re-Ni deposits was determined based on weight gain measurements (t = 300 s deposition time under the given conditions yields a deposit thickness of 2,500 nm, with a FE of about 95%). We calculated the thickness values h 1 for different deposition times using Eq. 1, in which the units of h 1 and t are nm and s, respectively. The corresponding values of the FE were determined by anodic stripping: The thickness of the Re-Ni deposits (h 2 ) was also calculated for every deposition time using Eq. 2, in which the units of h 2 , sputtering rate and sputtering time are nm, nm s -1 and s, respectively. The sputtering time (proportional to the film thickness) for every deposit was taken at the position corresponding to the drop of count by 50% (Fig. 2) . The sputtering rate was estimated to be about 0.39 nm s -1 . The thickness values evaluated by both electrochemical and SIMS techniques for different deposition times are very close (see Table I ). Figure 3 shows the sputtering time and charge density Q (in units of C cm -2 ) vs. the deposition time. The charge density was calculated using anodic stripping voltammograms. 13 The dependences are almost linear (R 2 = 0.99 and 0.98 for t and Q, respectively). Extrapolation of the straight lines for the charge density and sputtering time to zero time crosses the ordinate significantly above zero. This finding is consistent with the observations found using anodic stripping, showing that chemical reactions are also observed in parallel with the electrochemical reactions. 13 The data in Fig. 3 indicate consistency between the SIMS and the electrochemical measurements. Thus, SIMS results confirm the high deposition rates and the corresponding AFE at short deposition times, followed by the decrease of the AFE with increasing deposition time, as reported before. 13 Data of sputtering time and film thickness vs. electrodeposition time (Table I and Tables II and III summarize the results of curve fitting for nonsputtered Re-Ni films deposited at different times. Data presented in Table II have been recalculated without satellites. As shown in these tables, the fitted spectra before sputtering contain both metallic and oxidized species. Re 4f component attribution is in agreement with published data on Re, 17 Re-Ni, 7 18 Binding energies of oxidized components in the Ni 2p 3/2 fitted structure suggest the existence of NiO at 853.91-854.11 eV, [19] [20] [21] and Ni(OH) 2 at 856.3 eV, 20 where the latter can also be attributed to some nickel-citrate complexes resulting from the presence of citrate in solution. Non-oxidized Ni 2p 3/2 peak position (852.87-853.07 eV) is slightly higher than that given in the literature (852.7 eV), 17 suggesting the possibility of the presence of Re-Ni in addition to metallic Ni, as supported by the fitting of the Re 4f spectrum.
Although the Ni 2p 3/2 peak position of Ni 2 O 3 is pretty close to that of Ni(OH) 2 , 20, 22, 23 its presence should be excluded on the following grounds: Ni 2 O 3 cannot be obtained as a result of cathodic reduction, but rather appears to be due to atmospheric oxidation. As such, its content should not decrease with deposition time. On the contrary, the content of the component at 856.3 eV is strongly decreased with (Table III) .
To summarize, the results presented in Tables II and III and Re 2 O 5 concentrations as well as the increase in NiO concentration were observed at a rather long time (300 s). The changes in composition of the film surface layer reflect the changes in composition of the interface between the growing film (cathode) and the electrolyte and can explain the changes in the catalytic activity of the cathode surface. No oxides were found inside the films after surface sputter cleaning (Figs. 4a,4b) .
Typical HR-XPS C 1s spectrum of the Re-Ni surface before sputtering is presented in Fig. 4c . The spectrum contains the components attributed to alcohol and ester-derived species. The same components were observed on the surface of Pt cathodes after sodium citrate electrolysis and were shown to be the result of citrate decarboxylation.
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The electrodeposition process.-In this section we consider the mechanism of the process suggested before 13, 14 and its agreement with the results of the present investigation. As pointed out before, [6] [7] [8] catalysis by freshly deposited Ni can explain the induced codeposition of Re and regularities of the process at long deposition times, i.e. at the scale of tens of minutes. However, this concept cannot explain the effects observed at the early stages of deposition. These effects include the enhancement of both Ni 2+ and ReO − 4 reduction that are present in the citrate electrolyte, the decrease of the AFE (i.e. fading of the chemical reaction), and the decrease of Re content in the deposits with deposition time. Exclusion of one of the components of the electrolyte causes the disappearance of all above effects. Explanation of these phenomena is possible in terms of a catalytic electrode surface that enhances reduction of both Re and Ni and is changed with deposition time. 13, 14 Taking into account the deformation of the ReO − 4 anion in the presence of a Ni-Citrate complex in the electrolyte, as shown by Raman spectroscopy, we proposed the existence of a precursor that consists of both the deformed ReO Process (1) is facilitated by the mutual deformation of ReO − 4 and Ni-Cit in precursor. Processes (2) and (3) are catalyzed by the products of process (1) .
It could be expected that the deposits produced by deposition from the general precursor consist of bonded (alloy) Re-Ni species, while parallel deposition from Ni-Cit and ReO − or (NiCit) 4− complex, it can support indirectly this idea. The formation of a multilayer Re-Ni structure has been related to the Re-Ni binary phase diagram-a peritectic phase diagram with an extensive region of mutual solubility and no intermetallic compounds-and to alternate depletion and enrichment of nickel ions in the diffusion layer. 15 When a Re-rich layer forms, more hydrogen is being formed due to the catalytic effect of Re on the hydrogen evolution reactions. Consequently, the pH is increased locally, thus favoring the formation of a nickel hydroxide intermediate at the surface of the cathode. Hydrogen evolution can also result in more nickel ions in the diffusion layer due to increased convection. When a Ni-rich layer forms, less hydrogen is evolved, the local pH decreases, and a new cycle begins. The bands of the Re-rich phase are thicker than the bands of the Ni-Rich phase because the depletion of nickel ions in the diffusion layer is less significant than the depletion in perrhenate ions. 15 The periodic compositional modulations observed in the SIMS profiles are in agreement with our previous STEM and APT data.
In order to explain the high values of the AFE, we have to accept the occurrence of a chemical reaction, with participation of some reducing agent. As shown above, the SIMS data confirm the declining Re content in the film with deposition time (Fig. 2) and the concept of a chemical reaction occurring at the initial stages of deposition and fading with deposition time (Fig. 3 and Table I ). The only reducing agent in our system is citric acid. The processes of synthesis of Au, Pt and Ag nano-particles by chemical reduction with citrate are common. [25] [26] [27] [28] The first stage of these processes is believed to be the decarboxylation of citrate on Au catalytic surface and formation of acetone-1, 3-dicarboxylate according to the following Scheme 1: 2 and NiO, which are present on the surface of the deposits, can also be involved in catalytic decomposition of citrate as well as in the catalysis pathway of Re and Ni electrodeposition in processes (2) and (3) above. This statement is justified by the fact that oxides of Ni and Re are known catalysts for different chemical and electrochemical reactions. In many cases the catalytic activity of the mixed oxides is higher than that of each of them separately. [34] [35] [36] The changes of the Re 2 O 5 , ReO 2 and NiO concentrations with deposition time (Tables II and III) can also be responsible for the changes of catalytic activity of the cathode.
The catalytic properties of the cathodic surface during Re-Ni deposition toward decarboxylation of citrate is confirmed by the fact that the comparable intensities of the HR-XPS C 1s spectra on Pt 24 and Re-Ni cathode surfaces (Fig. 4c) were obtained after electrolysis for 0.5-2.0 h and 5-10 s, respectively.
It should be noted that the process of Re-Ni induced codeposition is very complicated. Although the data obtained in the course of this work by means of SIMS and HR-XPS are consistent with those obtained by electrochemical experiments, 13, 14 and with the suggested catalytic mechanism of induced codeposition, at the present level of our knowledge we cannot determine the catalytic pathway of both chemical and electrochemical reactions.
Conclusions
In this work we used TOF-SIMS and HR-XPS to characterize the chemical composition and oxidation states of Re-Ni alloys electrodeposited at short deposition times of 2-300 s, in an attempt to better understand the mechanism of induced-codeposition in this sysem. TOF-SIMS and HR-XPS results indicate a notable interaction between Ni and Re in the Re-Ni deposits, and indirectly support deposition from a precursor containing Ni 2+ , ReO − 4 and citrate species. The TOF-SIMS results confirm the high deposition rates and the corresponding Anomalous Faradaic Efficiency (AFE) at short deposition times, as well as the decrease of the AFE and Re content in deposits with increasing deposition time. Our observations support a concept of chemical reduction proceeding in parallel with electrochemical reduction in the initial stages of deposition. HR-XPS demonstrates the changes in the deposit surface composition with deposition time, showing the growth in metallic and intermetallic species with simultaneous reduction of highly oxidized components. The directed compositional changes at the cathode surface with deposition time are believed to lead to the decrease in the catalytic activity of the cathode toward a chemical reaction and its fading with deposition time. The results of the present work are in agreement with the results of our previous studies and with the concept of a catalytical mechanism in the initial stages of Re-Ni codeposition. However, it should be noted that the process is not yet completely proven.
